Schizophrenia is a disorder of cerebral disconnectivity whose lifetime course is modeled as both neurodevelopmental and neurodegenerative. The neurodevelopmental models attribute schizophrenia to alterations in the prenatal-to-early adolescent development. The neurodegenerative models identify progressive neurodegeneration as its core attribute. historically, the physiology, pharmacology, and treatment targets in schizophrenia were conceptualized in terms of neurons, neurotransmitter levels, and synaptic receptors. Much of the evidence for both models was derived from studies of cortical and subcortical gray matter. We argue that the dynamics of the lifetime trajectory of white matter, and the consistency of connectivity deficits in schizophrenia, support white matter integrity as a promising phenotype to evaluate the competing evidence for and against neurodevelopmental and neurodegenerative heuristics. We develop this perspective by reviewing normal lifetime trajectories of white and gray matter changes. We highlighted the overlap between the age of peak of white matter development and the age of onset of schizophrenia and reviewed findings of white matter abnormalities prior to, at the onset, and at chronic stages of schizophrenia. We emphasized the findings of reduced white matter integrity at the onset and findings of accelerated decline in chronic stages, but the developmental trajectory that precedes the onset is largely unknown. We propose 4 probable lifetime white matter trajectory models that can be used as the basis for separation between the neurodevelopmental and neurodegenerative etiologies. We argue that a combination of the cross-sectional and longitudinal studies of white matter integrity in patients may be used to bridge the neurodevelopment and degeneration heuristics to advance schizophrenia research Key words: white matter integrity/etiology of schizophrenia/ diffusion tensor imaging overview The neurodevelopmental and neurodegenerative models of schizophrenia are 2 competing heuristics on the etiology and clinical course of this disorder. The neurodevelopmental models posit that genetic and environmental risk factors act during prenatal, perinatal, and early adolescence periods, thus altering the developmental trajectory and leading to the onset during adolescence and young adulthood.
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1-5 The neurodegenerative models describe schizophrenia as a disease of progressively unfavorable neurodegenerative trajectory. 6, 7 The primary evidence supporting these heuristic models came from observations of progressive changes, or the lack thereof, in gray matter (GM) and lateral ventricles, as well as measurements of morphological, neuronal, synaptic, and neurotransmitter differences in postmortem samples.
Schizophrenia is often described as a disorder of altered cerebral connectivity. [8] [9] [10] [11] Yet historically, the research on the etiology, progress, and treatment of schizophrenia regarded the GM as the "primary" tissue of interest, often overlooking the importance of intact cerebral white matter (WM) in maintaining normal cerebral connectivity. In this perspective opinion, we propose that the improved understanding of the role that WM plays in schizophrenia may help to clarify the neurodevelopmental or neurodegenerative course of schizophrenia. Importantly, placing WM at the frontline of schizophrenia research may be particularly relevant for bridging the powerful heuristics neurodevelopmental and degenerative models into concrete discoveries. We will first summarize the neurodevelopmental and the neurodegenerative models and their underlying evidence and arguments. We will then present evidence supporting the role of WM in schizophrenia, by placing a particular attention to the normative differences of the life span trajectories between WM vs GM. Last, we develop an argument that the knowledge of the WM life span trajectory is necessary for bridging the neurodevelopmental and neurodegenerative models to advance schizophrenia research.
neurodevelopment Models of Schizophrenia
The neurodevelopment models postulate that schizophrenia is caused by environmental and/or genetic insults that occur during prenatal, perinatal, or early childhood/ adolescence, leading to alteration of brain structure and function and setting the stage for schizophrenia.
1-5 These heuristics are supported by findings of reduced cortical volume, altered gyrification patterns, and ventricular enlargement at the onset of schizophrenia. This argues that the damage to the brain from the altered early development occurs before the onset of psychosis, and further worsening is not expected.
1 Alternatively, the late neurodevelopment model suggested that the risk factors for schizophrenia may act during the synaptic reorganization and pruning stages that occur during early adolescence. 12 It argues that the disruption of this important cortical maturation step underlines the emergence of schizophrenia. 12 This model is supported by imaging studies that report that cerebral cortical GM structures undergo significant change prior to the onset of psychosis in individuals at high risk for developing schizophrenia. 13, 14 The "second hit' theory combines the early and late developmental risks to suggest that schizophrenia is caused by a sequence of unfavorable events that occur during early (eg, prenatal or perinatal) and late (adolescent) development. For example, Rappoport and colleagues argue that risk genes for schizophrenia are differentially expressed in the early vs late development and that their effects are additive. The "first hit" occurs at early developments stages, setting the stage for the second hit, which occurs at or near the onset of psychosis. This model was conceived to explain the variable age of onset and behavioral and cognitive heterogeneity in the clinical course of schizophrenia. 4, 15 Nonetheless, the neurodevelopmental models have limitations. Chief among them is the difficulty to explain the young adulthood (18-28 years) age of onset that occurs a decade after the cortex has reached the peak of cortical thickness and long after the cortical reorganization has began. The neurodevelopment models also fail to address progressive brain deterioration observed in chronic schizophrenia patients. 14, [16] [17] [18] [19] [20] [21] [22] neurodegenerative Models of Schizophrenia
The role of progressive neurodegeneration in schizophrenia has been an active research topic since Kraepelin's observation of mental decline in schizophrenia patients. 6, 7, 23, 24 Unlike affective disorders, patients with schizophrenia may follow a progressive, neurodegenerative clinical course, an observation that has been repeatedly been upheld. 7 The Chestnut Lodge Longitudinal study reported striking, longitudinal differences between patients with schizophrenia and those with affective disorders, consonant with Kraepelin's original observations. 25, 26 Over 60% of schizophrenia patients experienced a deteriorative clinical course, compared with only 30% of patients with affective disorders. 25, 26 Patients included in that study came from the upper socioeconomic bracket and were receiving the best available care. 25, 26 Schizophrenia is also associated with earlier age of onset and increased rate of many chronic cardiovascular and metabolic illnesses commonly associated with aging. [27] [28] [29] Using neuroimaging to Quantify normal lifetime trajectories of WM and GM Cerebral WM and GM compartments undergo continuous change over the life span, [30] [31] [32] [33] each with own characteristic age-related trajectory, which can be measured using modern, noninvasive imaging. Changes in cerebral WM are commonly assessed using fractional anisotropy (FA) of water diffusion, while changes in cortical GM are ascertained using cortical GM volume or thickness. FA, calculated from diffusion tensor imaging (DTI) data, describes the directional selectivity of the random diffusion of water molecules. 34 Absolute WM FA values are sensitive to many parameters, 34 but the changes in regional FA values during normal life span trajectory are believed to be mainly due to changes in cerebral myelin levels and myelin packing density. [35] [36] [37] Cortical thickness is calculated as the distance from the outer cortical surface to the inner cortical WM-GM boundary 38, 39 and serves as an indirect measure of underlying cortical architecture, including cortical myelination level, cell density, and synaptic pruning. 40 Both cerebral FA and cortical GM thickness follow inverse-U trajectories with age, but the age when they reach their peaks is separated by a decade (figure 1) . 31, 33, [41] [42] [43] Importantly, there is a significant regional heterochronicity-the differences in the age of peak for maturation of different WM tracts. Specifically, WM tracts that carry higher level, associative cognitive functions follow a more protracted developmental trajectory and mature much later, late adolescence to early adulthood, than the sensory and motor tracts that mature in the first and second decades of life. 31, 33, [44] [45] [46] Another important consideration is that the time by which the average cerebral FA reaches its maximum overlaps with the average age of the onset of schizophrenia, 31, 47 while the peak in the cortical GM thickness occurs a decade before ( figure 1A ).
abnormal WM neurobiology in Schizophrenia
In one of the first reviews on the importance of WM in schizophrenia, Davis and colleagues pointed the role that oligodendroglial abnormalities play in schizophrenia. 51 The postmortem studies in schizophrenia report Experimental (left column) and simulated (right column) life-long trajectories of fractional anisotropy (FA) and gray matter thickness (GMT) were evaluated to clarify neurodevelopmental and neurodegenerative etiologies of schizophrenia. Section (A) Normal, lifetrajectories of the whole-brain average GMT (blue curve) and FA (red curve) calculated from a large cross-sectional data set of healthy subjects 47, 48 demonstrate that the peak GMT and FA values are separated by about a decade. In addition, the peak FA values overlap with the average age of the onset of psychosis. (B) Whole-brain average FA values for schizophrenia patients demonstrated significant diagnosis-by-age interaction, suggesting presence of accelerated aging in schizophrenia patients. 49 (C) The finding of significant diagnosisby-age interaction was replicated in an independent cohort. 50 significantly reduced cellular density and integrity of oligodendrocytes in patients, especially in the associative fiber tracts that connect prefrontal cortices. 52, 53 The findings of reduced expressions of key oligodendrocyte/ myelination genes also support the key role that altered WM integrity plays in this disorder. 51, 54 Moreover, postmortem examinations also reveal that the damage, degeneration, and loss of oligodendrocyte density are also present in the associative cortical GM layers in schizophrenia patients. 52, [55] [56] [57] This suggests that findings of reduced cortical GM thickness and reduced WM integrity may have a common culprit. 47 Alterations in oligodendrocyte density are also hypothesized to be responsible for age-dependent abnormality in myelinated fibers in schizophrenia. 58 Developments in neuroimaging had greatly expanded ability for in vivo research on WM structure and function. Early studies in schizophrenia reported reduced WM volume, especially in the frontal areas. [59] [60] [61] A longitudinal 3-year follow-up study of early stage of schizophrenia identified that the decline in the frontal lobe volume was driven by WM and reported no differences in the frontal GM volumes between patients and controls. 62 Improvements in magnetic resonance imaging technology led to development of quantitative imaging methods with DTI-FA emerging as a particularly sensitive phenotype. 63 DTI-FA measurements proved to be sensitive to the progression of various degenerative WM disorders that result in axonal loss and/or destruction of myelin sheath. 64 Schizophrenia was one of the first clinical application of DTI-FA methods in psychiatry, and Lim and colleagues demonstrated that patients with schizophrenia have significant disturbances in the regional FA values, implicating impaired WM integrity. 63 Henceforth, DTI-FA methods became widely used neuroimaging biomarkers for schizophrenia. 49, [65] [66] [67] [68] [69] [70] 
WM imaging Findings in Support of neurodevelopmental Model
Presently, there is a shortage of data that describe the trajectory of WM development in patients prior to the onset of schizophrenia. Nonetheless, some inferences can be made from the studies in the high-risk individuals and patients at the onset of psychosis. These studies provide initial evidence that WM changes may precede and potentially predict the severity of this disorder. Karlsgodt and colleagues were first to report that WM development may be altered in adolescents at high clinical risk for psychosis. 71 Moreover, they observed that lower FA values were predictive of negative changes in functional and cognitive status, supporting the developmental nature of the WM deficit in this disorder. 71 Follow-up studies in high-risk cohorts provided support for a 2-hit developmental model. 72, 73 The high-risk individuals had reduced FA values prior to onset, and the onset of psychosis was mirrored with an additional reduction of WM integrity, the second hit. 72, 73 
WM imaging Findings in Support of neurodegenerative Model
The finding of reduced FA at the onset and during chronic states of schizophrenia is remarkably consistent across most reports although there are some inconsistencies with regard to the regions affected by this decline and the size of this effect. 66, [74] [75] [76] [77] Kubicki and colleagues summarized that significant abnormalities are most consistently reported in the WM tracts that connect prefrontal and temporal lobes including uncinate fasciculus, cingulum bundle, and arcuate fasciculus. 78 The studies that report higher FA values 79 or no difference 80 are typically underpowered due to a small number of subjects 78 (N = 13 and 14 patients for studies by Hubl 79 and Jones, 80 respectively). Moreover, the difference between patients and controls may increase with age, supporting the neurodegenerative model. Schizophrenia patients show twice the rate of the aging-related decline in FA values, compared with controls. 49, 65, 66 Our group examined the rates of age-related decline in whole-brain FA in patients with schizophrenia and contrasted them with aging trends in patients of major depression and normal controls. 49 Schizophrenia patients demonstrated an accelerated agerelated decline (figure 1B), but the accelerated aging was not present in patients suffering from depression. 49 The finding of accelerated FA reduction with age in schizophrenia was later replicated in an independent sample using a more advanced DTI sequences 50 ( figure 1C ). The accelerated decline in FA is occurring in patients with a normal rate of age-related decline in the WM perfusion, 50 suggesting that cerebrovascular-related disorders are unlikely the driving forces behind the accelerated FA decline. 50 Moreover, the accelerated WM aging is occurring in patients with no apparent accelerated aging trends in cortical GM thickness ( figure 1D ) or accelerated rise in the hyperintensive WM lesions volume. 81 The biological basis of the accelerated decline in FA values in schizophrenia, therefore likely reflects unique WM neuropathology and other than that of vascular nature.
linking neurodevelopmental and neurodegenerative Models of Schizophrenia
A notable attribute of the lifetime WM trajectory is the overlap between the average age of peak development and the average age of onset of schizophrenia (figure 1A) . Intriguingly, the age of onset of schizophrenia overlaps with the age of peak for WM tracts that carry higher order associative function, rather than these carrying motor and sensory information. 48 These frontal and temporal WM tracks, eg, the genu of corpus callosum that connects the bilateral frontal lobes, are also most consistently reported as the regions of significant FA deficits 82 and accelerated aging in patients. 49 In comparison, cortical GM volume and thickness development peaks a decade before the onset of schizophrenia and normally is already in decline at the average age of onset of schizophrenia ( figure 1A) . The patient-control GM differences are present at the onset of the disease, and further decline in GM in schizophrenia follows the same rate decline afterward ( figure D) . This argues that changes in WM integrity can be more sensitive to neuropathology associated with disease onset and its subsequent trajectory (figure C). Confirming this, neurodegeneration trajectory requires an imaging epidemiological study with a longitudinal follow-up. This is a significant challenge to the field. The limited evidence that report altered WM integrity at or before the onset of psychosis can be used to support the developmental etiologies. Resolving schizophreniaspecific neurodevelopmental deficits would require longitudinal data collected several years prior to the onset. Resolving schizophrenia-specific neurodegenerative deficits would require longitudinal follow-up in subjects across the broad range of age. Once these data become available, we may attempt to interpret them using the following 4 hypothesized lifetime trajectories. We contrived them based on existing evidence to bridge the neurodevelopmental and neurodegenerative theories with WM as the key component:
1. WM maturation in schizophrenia may follow the same temporal trajectory as normal controls but at the reduced integrity throughout the life span ( figure 1E ). This scenario would support the early developmental origins of the disorder. This trajectory is supported by findings of lower FA values prior to and at the onset of disorder. However, this model will not explain accelerated aging in chronic patients (figure 1B and C). 2. WM may reach the peak maturity earlier in schizophrenia compared with healthy subjects. As the consequence of this shift in development, the subsequent age-related decline may be interpreted as "accelerated" although the "neurodegeneration" of WM is only an artifact of the precocious WM development and plateau. Finding of this trajectory would also argue for the neurodevelopmental etiology of schizophrenia ( figure 1F ). 3. A stall in WM maturation may be the trigger of psychosis. This would be detectable as an onset-related decline in FA that has been observed 72, 73 ( figure 1G ). In this scenario, the WM development is halted or drastically altered at the onset of psychosis, leading to the appearance of a neurodegenerative course, while in fact it is neither neurodevelopmental nor neurodegenerative (figure 1G) 4. Finally, the life-long trajectory may include a period of normal development until the onset of disorder, followed by a true accelerated decline with age. This scenario would argue for a neurodegenerative rather than neurodevelopmental course of the disorder (figure 1H) These 4 hypotheses are illustrated in figure 1E -H. Clearly, it is also possible that these scenarios are not isolated. What is also likely is that individual patients may follow different lifetime trajectories. It is likely that not 1 model is appropriate for the disorder as heterogeneous as schizophrenia, and the heterogeneity of this syndrome may be due to the variable schizophrenia × development and/or schizophrenia × aging course in the individual clinical histories.
conclusion
Schizophrenia is regarded as a disorder of cerebral connectivity although its neurobiology has historically been explained by changes in neurons, neurotransmitters, and synaptic receptors rather than integrity of the axonal fibers that make up and support the cerebral networks. This bias toward GM-based etiology is evident across physiology, pharmacology, and treatment research in schizophrenia. However, imaging, postmortem, and genetic research have increasingly suggested that compromised WM structure and function may be at the core of this disorder. [65] [66] [67] [68] Indeed, our understanding of the role that cerebral WM is playing in schizophrenia is changing. Recent reports of normalization of WM physiology following the successful treatments 83, 84 suggest that WM may potentially be the target to direct pharmacological interventions. 4 We hypothesized 4 possible lifetime WM trajectories that incorporate the neurodevelopmental and neurodegenerative findings reported in this disorder. We argue that an epidemiological study of WM integrity that incorporates longitudinal data prior to, at, and following the onset may facilitate the bridging of neurodevelopmental and degenerative heuristics and translation of these models into tangible etiology and treatment targets.
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